Abstract
Introduction

Mitogen activated protein (MAP) kinases are a group of enzymes involved in proliferative eukaryotic signalling. They are a diverse family, but can be classified into three main branches: the extracellular regulated kinases (ERK), p38 and Jun N-terminal kinase (JNK) families
. MAP kinases play a role in cellular development, differentiation and proliferation [2] [3] [4] [5] , regeneration/wound healing [6] [7] [8] , adaptive and compensatory cell growth [9] [10] [11] and cellular apoptosis [12] . Proliferative signalling cascades are initiated by growth factors or stress stimuli that activate an upstream kinase, the first in a series of several kinases in a mitogen activated protein kinase (MAPK) activating module [1] .
Elucidation of the role of the MAP kinase cascade in signal transduction pathways and the identification of targets for MAPK activity is thus critical to enhancement of knowledge regarding cell growth, death and regeneration.
Nucleocytoplasmic trafficking is an essential process required for normal cell growth, viability and function, and is a complex hierarchical process involving soluble cytosolic components and membrane-bound machinery [13] . Molecules that shuttle between cytosolic and nucleoplasmic compartments must traverse outer and inner nuclear membranes of the nuclear envelope to reach their functional compartment. A large multiproteinaceous structure, the nuclear pore complex (NPC), spans both membranes of the nuclear envelope and serves as the gateway through which these molecules transit [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
NPCs are dynamic and highly regulated structures that demonstrate robust evolutionary conservation across various species [20] . Mammalian NPCs are estimated to be roughly 125 MDa in mass and composed of hundreds of nuclear pore proteins called nucleoporins [20] . At its core, it is composed of eight multimeric subunits arranged in a distinctive barrel-like shape with a central channel ~9-11 nm in diameter [24, 25] . The nuclear pore is a highly dynamic structure that changes chronically and acutely in response to a variety of stimuli [26] [27] [28] [29] . For example, NPC density responds to metabolic and physical stimuli [30] [31] [32] . Acutely, the central pore dilates to accommodate larger cargoes in transit [33, 34] . Furthermore, a calcium-sensitive mechanism responsible for pore closing and opening [35, 36] supports the notion that the NPC is dynamically regulated by calcium fluxes in and around the nucleus [35] [36] [37] . In addition to the main central channel [38, 39] , peripheral channels exist which are suggested to permit the flow of various small molecules and ions [16, 40] .
It is reasonable to suggest that a significant relationship may exist between MAP kinase signalling and nucleocytoplasmic trafficking as it relates to cellular growth, viability and function. The role of MAP kinases with respect to nuclear trafficking has concentrated primarily on phosphorylation of amino acids adjacent to nuclear transport (import or export) signals in proteins being moved through the pore [41, 42] . Physiologically relevant MAP kinase mediated phosphorylation may also occur within the NPC [41] [42] [43] [44] [45] [46] 
Materials and methods
Smooth muscle cell isolation and culture
Smooth muscle cells were obtained from aortic vessel explants, according to established protocols [47] [48] [49] . Cells were maintained in quiescence, or stimulated to proliferate with the addition of 5% foetal bovine serum to the medium, as previously described [50, 51] .
Immunocytochemistry
Cells and nuclear import mix were prepared as described for the nuclear import assay, with minor modifications. For 
Immunoprecipitation
The NPC was immunodepleted of lamins by immunoprecipitation. It was carried out as previously described [54] . The 
Enzyme marker assays
Enzyme marker assays were used to determine membrane contamination from plasmalemma, endoplasmic reticulum and mitochondrial sources in the nuclear fraction. Purified samples of plasmalemma, endoplasmic reticulum/sarcoplasmic reticulum and mitochondria were used as comparative controls. K ϩ -pNPPase activity can be used to assay the degree of sarcolemmal contamination [55] . K ϩ -pNPPase activity was measured as described in detail previously [52, 53] . Mannose-6-phosphatase activity derived from the endoplasmic reticulum was assayed as previously described [52] . Mitochondrial contamination was assessed using the succinic dehydrogenase assay as described previously [55] .
Phosphorylation assay and SDS-PAGE
NPC phosphorylation was investigated using a phosphorylation assay described previously [54] (Fig. 1A, B) and its phosphorylated, activated form (pERK) (Fig. 1C, D) . Though ERK distribution was diffuse throughout the cytoplasm and concentrated within the nucleus during proliferation, activated ERK (pERK) exhibited distinct filament-like distribution independent of proliferative state (Fig. 1C, D) .
ERK is a serine/threonine kinase, and investigation of phosphoserine and phosphothreonine distribution during quiescent and proliferative conditions revealed a concentrated nuclear localization during periods of no growth for both phosphoresidues ( Fig. 2A, C) . Nuclear prominence of phosphoserine was maintained after growth stimulus (Fig. 2B) ; however, phosphothreonine staining accumulated throughout the cytoplasm under proliferative conditions, without preferential nuclear accumulation (Fig. 2D) . Moreover, analysis of phosphorylated serine and threonine residues demonstrated intense, punctate nuclear envelope staining that prompted assessment of the NPC phosphorylation profile. [59, 60] . Here, lamins A/C and B1 were immunodepleted to further enrich the NPC fraction (Fig. 3C) . (Fig. 4) . As the NPC has been associated with calcium regulation [35] (Fig. 6 ). ERK and p38 cascades represent well-studied proliferative signalling axes within the MAP kinase family [47, 50] . Activated p38 demonstrated nuclear speckling and diffuse cytoplasmic distribution while quiescent, and exhibited robust nuclear localization under proliferating conditions (Fig. 7A) . Phosphorylation of Nup30 was sensitive to antagonism by SB202190, demonstrating 40% inhibition at maximal dosage (Fig. 7B) . Previous studies have demonstrated presence of substrates phosphorylated by mitotically regulated kinases [44, 45] [61] [62] [63] and MAP kinase activation can modulate protein transport into the nucleus through the NPC [47] [48] [49] 64] . A recent phosphoproteomics study demonstrated that ERK MAPK-mediated phosphorylation of a nucleoporin can inhibit nuclear transport of importin-␤ [65] . Indeed, ERK substrates appear to be a constitutive feature of the nuclear pore [66] . [67, 68] , and the NPC is sensitive to Ca 2ϩ flux [27, 35, 36, 69] ERK activity is intimately associated with nuclear processes and regulates phosphosubstrates that shuttle between nuclear and cytoplasmic components [70, 71] . Accumulation of ERK within the nucleus is a hallmark of growth stimulation [72, 73] [77] . Consideration of the NPC as a coordinating hub for MAP kinase activity is in line with observations that chromatin arrangement and gene regulation are mediated by the pore [78, 79] . Dynamic MAP kinase phosphoregulation at the NPC expands functional role of the pore, and provides support for a growing body of evidence that MAPK activation is critical to nucleocytoplasmic trafficking.
Nuclear pore complex enrichment
To investigate NPC-resident phosphosubstrates, NPC-rich fractions were purified from isolated nuclei. A scheme for NPC enrichment in the present study outlines consecutive fractionation steps (Fig. 3A) that illustrate progressive purification. Sequential centrifugation and saline washes enriched nucleoporin content with concomitant removal of contaminants (Fig. 3B). Biochemical enzyme assays, to confirm removal of contaminating plasmalemma, mitochondria and endoplasmic reticulum membranes demonstrated negligible contamination (data not shown). Lamins are highly phosphorylated nuclear proteins between 60 and 70 kD that copurify with enriched NPCs
Endogenous kinase activity within the enriched nuclear pore complex fraction
Nuclear distribution of ERK and putative (phospho)serine/threonine-containing ERK substrates suggested co-purification of kinases with NPCs. To investigate kinase content of highly purified NPCs, a high throughput Kinetworks Protein Kinase Screen that profiles kinase and phosphatase content, revealed enrichment of ERK, p38, JNK, death-associated protein kinase 3 (ZIP), Cdk7 and protein kinase C (PKC) kinases, as well as protein phosphatases PP1, PP5, MAPK phosphatase 1, PP2A and PP2X (Table 1).
Fig. 1 ERK distribution before and after growth stimulation. Cultured smooth muscle cells were stained to visualize the distribution of MAP kinases within quiescent and proliferating smooth muscle cell. (A) Quiescent cells exhibited diffuse, cytosolic localization of non-activated ERK-2 that was concentrated within the nucleus in proliferating cells (B). Activated ERK-2 demonstrated a distribution pattern reminiscent of actin staining in quiescent cells (C) and with robust nuclear localization upon proliferation (D). Images representative of results obtained from sample size of n ϭ 3.
Fig. 2 Broad phosphoprofile of putative ERK substrates in quiescent and proliferating smooth muscle cells. Smooth muscle cells were stained using antibodies against phosphoserine and phosphothreonine. (A) In quiescent cells, phosphoserine containing proteins localized primarily to the nucleus with faint cytosolic staining. (B)
